The stem parasite dodder, Cuscuta japonica, has evolved a specialized root-like organ, the haustorium, which is differentiated from the stem. In order to take up water and nutrients, C. japonica reprograms haustorial cells to vascular cells, connecting the host's vascular system to its own. However, little is known about vascular differentiation in haustoria. In this study, we first confirmed the temporal and spatial expression profiles of vascular cell type-specific genes, CjAPL, CjSEOR1, CjWOX4 and CjTED7, to examine whether phloem companion cells, developing sieve elements, procambial cells and differentiating xylem cells, respectively, are present in the haustoria. CjAPL and CjSEOR1 decreased, and CjWOX4 showed a transient increase before the onset of xylem vessel formation, and then decreased. CjTED7 increased coincidentally with xylem vessel formation. In situ hybridization demonstrated that CjWOX4-expressing cells and phloem-conducting cells are in close proximity, and occupied a domain distinguishable from xylem vessels, suggesting differentiation of a phloem/procambial domain and a xylem domain in the haustorium. Secondly, expression of regulatory genes that are involved in determination of the fate of procambial cells was investigated. Expression patterns of CjCLE41, CjGSK3 and CjBES1suggested that TDIF-TDR-GSK3-mediated signaling is activated in haustoria. The natural antisense transcript of CjCLE41 was detected in haustoria, implying the sense regulation of CjCLE41. Expression profiles of the regulatory genes, combined with those of cell type-specific marker genes, suggest that reprogramming of haustorial cells to vascular cells is regulated in a way that allows the immediate formation of xylem vessels by alleviating inhibition of xylem differentiation.
Introduction
The stem parasite Cuscuta japonica is a holoparasitic plant that relies entirely on the host plant for water and nutrient uptake. Cuscuta japonica, similarly to many other parasitic plants, has developed a specialized root-like organ differentiated from stem, called the haustorium, to penetrate into host tissue (Dawson et al. 1994) . In order to take up water and nutrients, C. japonica reprograms haustorial cells to vascular cells, connecting the host's vascular system to its own. Formation of xylem in the haustorium was confirmed by morphological studies (Calvin 1967, Heide-Jørgensen and Kuijt 1995) and by translocation of the xylem tracer from host to parasite (Birschwilks et al. 2007 ). Formation of symplasmic conducting cells in the haustorium was demonstrated by the transfer of phloem-mobile molecules (Birschwilks et al. 2006 , Birschwilks et al. 2007 , Haupt et al. 2001 .
In conventional plant development, vascular tissue is initiated by establishing the identity of vascular procambial cells. This process is regulated by auxin response factors, including the expression of AUXIN RESPONSE FACTOR 5 (ARF5)/ MONOPTEROS (MP) (Hardtke and Berleth 1998) and regulation of auxin transport by auxin efflux carrier PIN-FORMED 1 (PIN1) protein (Friml 2003) . TARGET OF MP 5 (TMO5) is a direct target of ARF5/MP. TMO5 interacts with the LONESOME HIGHWAY (LHW) protein to initiate differentiation of procambium precursor cells (De Rybel et al. 2013 , Ohashi-Ito et al. 2013 . Initiation of procambial cells is also regulated by cytokinin response, including transcriptional control of LONELY GUY 4 (LOG4) and a gene encoding pseudo-phosphotransmitter protein, AHP6 (Mähönen et al. 2006 , De Rybel et al. 2014 . Establishment of the procambium is followed by patterning of the vascular bundle. Maintenance of stem cell status and proliferation of vascular cambium is regulated by a peptide signaling system, consisting of a peptide, tracheary element differentiation inhibitory factor (TDIF), and the receptor-like kinase TDIF-RECEPTOR/PHLOEM INTERCALATED WITH XYLEM (TDR/PXY) (Ito et al. 2006 , Hirakawa et al. 2008 , which activates the expression of WUSCHEL-related homeobox 4 (WOX4) and WOX14 (Hirakawa et al. 2010 , Etchells et al. 2013 , Kondo and Fukuda 2015 . In Arabidopsis, TDIF peptides are encoded by CLAVATA3/EMBRYO SURROUNDING REGION-RELATED 41 (CLE41) and CLE44, which are expressed in phloem cells (Hirakawa et al. 2008) . TDIF peptide also suppresses tracheary element (TE) differentiation from cambial cells through the negative regulation of BRI1-EMS-SUPPRESSOR 1 (BES1), encoding a transcription factor in brassinosteroid signaling, by glycogen synthase kinase 3 (GSK3) (Kondo et al. 2014) . BES1 positively regulates xylem differentiation (Kondo et al. 2014) . Initiation of protoxylem and metaxylem vessel differentiation is regulated by VASCULAR-RELATED NAC-DOMAIN 7 (VND7) and VND6, respectively (Kubo et al. 2005 , Yamaguchi et al. 2008 ). Both genes up-regulate genes involved in processes that are essential for xylem maturation, including genes associated with the deposition of secondary cell walls, such as TRACHEARY ELEMENT DIFFERENTIATION-RELATED 6 (TED6) and TED7 (Endo et al. 2009 ).
In contrast to the differentiation of vascular tissues during conventional plant development, not much is known with respect to vascular differentiation in haustoria. Morphological studies demonstrated that, in the initial stage, the tip of the haustorium, called 'searching hyphae', transform into vascular cells (Dörr 1969 , Vaughn 2003 , Ranjan et al. 2014 . Upon reaching the xylem and phloem of the host, searching hyphae differentiate into xylem elements and phloem elements, respectively. The position of xylem vessels is evident since the thickened secondary cell walls of xylem vessels are visible with light microscopy. The position of the conducting cells of phloem can also be visualized by using symplasmic dye tracers (Haupt et al. 2001 , Birschwilks et al. 2006 , Birschwilks et al. 2007 . The presence of conducting cells of xylem and phloem implies the possibility that haustorial cells are organized in a way similar to vascular tissues. However, the presence and development of cell types other than conducting cells in haustoria has not been clarified to date.
In this study, we demonstrate the presence of cell types other than conducting cells, and the positional pattern of those cells in the haustoria of C. japonica. The expression patterns of C. japonica homologs of ALTERED PHLOEM DEVELOPMENT (CjAPL; Bonke et al. 2003) , SIEVE ELEMENT OCCLUSION-RELATED 1 (CjSEOR1 Ruping et al. 2010), WOX4 (CjWOX4) and TED7 (CjTED7) are as cell type-specific markers of phloem companion cells, sieve elements, procambial cells and differentiating xylem vessel cells, respectively. These genes were expressed in haustoria. Spatial expression localized by using in situ hybridization demonstrated that CjWOX4-expressing cells and phloem-conducting cells were different from xylem, and localized in close proximity to each other. These results suggest that a xylem domain and a phloem/procambium domain are formed during haustorial vascular differentiation. We then investigated the expression profiles of regulatory genes included in vascular differentiation.
Expression patterns of CjCLE41, CjGSK3 and CjBES1suggested that TDIF-TDR-GSK3-mediated signaling is activated in haustoria. Unexpectedly, an antisense transcript of CjCLE41 was detected in the haustorium, suggesting that it plays a role in the sense regulation of CjCLE41. Expression profiles of the regulatory genes, combined with those of cell type-specific marker genes, consistently suggest that reprogramming of haustorial cells to vascular cells is regulated in a way that allows the immediate formation of xylem vessels by alleviating the inhibition of xylem differentiation.
Results
Expression profiles of vascular cell-type marker genes in the parasitic interface We first examined whether or not genes known to be expressed in specific types of vascular cells are expressed in parasitic interface tissues. We selected a C. japonica homolog of APL as a marker for phloem ), a homolog of SEOR1 as a marker of immature sieve elements (Ruping et al. 2010 ), a homolog of WOX4 as a marker for procambium (Hirakawa et al. 2010 ) and a homolog of TED7 as a marker for differentiating xylem (Endo et al. 2009 ). Contigs corresponding to these genes were found in the C. japonica transcriptome (Ikeue et al. 2015) and cloned by using reverse transcription-PCR (RT-PCR). Stagedependent expression levels in the parasitic interface tissues were monitored at 0, 24, 48, 72, 96 and 120 hours after attachment (h.a.a.) from the surface attachment to the establishment of the vascular connection (Fig. 1A) . In our experimental setting, formation of xylem vessels appeared to start between 72 and 96 h.a.a. (Fig. 1B-D) . CjAPL decreased from 48 to 72 h.a.a., and stayed at a low level at 96 and 120 h.a.a. (Fig. 1E) . The expression profile of CjSEOR1 was similar to that of CjAPL (Fig. 1F) . CjWOX4 was up-regulated transiently before the onset of xylem vessel formation at 72 h.a.a., and then decreased (Fig. 1G) . CjTED7 increased continuously after 48 h.a.a., which coincided with xylem vessel formation (Fig. 1H) .
Vascular cell type-specific genes were expressed in haustorium
To confirm the expression of these genes in haustoria, we surgically dissected a 'parasitic interface' tissue in the main stem of C. japonica, which is referred to as 'parasite's stem (ps)', and a haustorium buried in the host's stem, which is referred to as 'haustorium (ha)' ( Fig. 2A) . At 72, 96 and 120 h.a.a., CjAPL, CjSEOR1 and CjWOX4 were detected in the haustorium, suggesting that phloem and procambial elements were formed in the haustorium (Fig. 2B-D) . The expression levels of CjAPL and CjWOX4 were higher in the haustorium than in the parasite's stem in which differentiated vascular tissues were present (Fig. 2F, H) , and CjSEOR1 also increased to higher levels in the haustorium than in the parasite's stem at 120 h.a.a. (Fig. 2G) . On the other hand, CjTED7 was not detected in the haustorium at 72 h.a.a., consistent with the absence of xylem differentiation at 72 h.a.a. (Fig. 2E, I ). Expression of CjTED7 was clearly detected in the haustorium at 96 and 120 h.a.a. (Fig. 2E, I ), which is consistent with the formation of xylem vessels.
Phloem-conducting cells and procambial cells are in proximity
Next, we performed in situ hybridization using CjWOX4 probes to localize procambial cells. At 72 h.a.a., expression of CjWOX4 was detected in the central part of the parasite's stem ( Supplementary Fig. S1A ), showing that CjWOX4 was expressed in conventional vascular tissues as well. CjWOX4 was also detected in the central region of the basal haustorium, and in cells elongating toward the lateral tips of the haustorium (Fig. 3A) . The signal of CjWOX4 was under the detection limit at 96 or 120 h.a.a. (data not shown). Phloem marker genes, CjAPL or CjSEOR1, were not detected with in situ hybridization. To clarify the localization of phloem-conducting cells, we performed a dye-loading experiment. A symplasmic tracer, carboxyfluorescein diacetate, was loaded from the upper leaves of a host plant, and translocation of carboxyfluorescein into C. japonica was monitored. Translocation of carboxyfluorescein was clearly observed in cell files at a one-or two-cell distance from the cell file of xylem vessels (Fig. 3C) , indicating that CjWOX4-expressing cells and phloem-conducting cells were localized in close proximity to each other, although we could not clarify whether they were the identical cells or not. These results suggest that phloem/procambium and xylem domains Open triangles, tracheary elements; Gm, G. max, Cj, C. japonica; ha, haustorium. Scale bar = 100 mm. (E-G) Temporal expression profiles of CjAPL (E), CjSEOR1 (F), CjWOX4 (G) and CjTED7 (G). Expression levels were normalized by that of the C. japonica ribosomal protein S18 gene (CjRPS18). The mean and SE of three biological replicates are indicated.
were established in haustoria, although the cell-level organization was not as obvious as in other plant organs, such as the root or hypocotyl.
Expression patterns of regulatory genes were consistent with xylem formation
To obtain insights into the regulatory mechanism of haustorial vascular development, we further investigated the expression profiles of C. japonica homologs of CLE41, GSK3 and BES1. CjCLE41 contained a CLE domain characteristic of B-type CLE genes that inhibit xylem differentiation, but had no effect on apical meristem development (Supplementary Fig. S2 ; Fukuda et al. 2007 , Whitford et al. 2008 ). We obtained stage-dependent profiles, and then confirmed that CjCLE41, CjGSK3 and CjBES1 were expressed in haustoria (Fig. 4A-F) . CjCLE41 was transiently up-regulated at 96 h.a.a., the onset of xylem vessel formation, and then decreased at 120 h.a.a. (Fig. 4A, D) . CjGSK3 was transiently up-regulated at 48 h.a.a., and then decreased in the later stages (Fig. 4B, E) . The expression level of CjBES1 essentially increased throughout the parasitic process (Fig. 4C, F) . Decreased expression of CjGSK3 at 72-120 h.a.a. and a concurrent increase of CjBES1 might alleviate the repression of xylem differentiation. This result suggested that the TDIF-TDR-GSK3 signaling pathway is active in haustoria. Changes in the expression of these regulatory genes may facilitate or prompt formation of haustorial xylem vessels.
Expression of CjCLE41 was localized in the central region of the haustorium, and in cells contacting the metaphloem tissue of the host plant at 72 and 96 h.a.a. (Fig. 4G, H) , as well as in the central part of the parasite's stem ( Supplementary Fig. S1C ). This spatial pattern was similar to that of carboxyfluoresceinconducting cells (Fig. 3C ). CjGSK3 and CjBES1 were under the detection limit using in situ hybridization.
Natural antisense transcript of CjCLE41
We unintentionally detected a natural antisense transcript of CjCLE41 (natCjCLE41) in the parasitic interface (Fig. 5A) . To test the possibility that this aberrant transcript promoted the formation of xylem vessels by suppressing sense CjCLE41, we performed expression profiling of natCjCLE41. Expression of natCjCLE41 was transiently up-regulated at 72 h.a.a. and then decreased, and thus was co-expressed with its sense counterpart (Fig. 5B) . Detection of natCjCLE41 occurred specifically in the surgically dissected haustorium (Fig. 5C) . With in situ hybridization, the signal of natCjCLE41 was under the detection limit. Because natCjCLE41 did not noticeably reduce the accumulation of sense CjCLE41 (Fig. 5B) , we could not conclude that natCjCLE41 suppressed the activity of its sense counterpart.
Discussion
Formation of xylem vessels is one of the most prominent changes seen in haustoria during the establishment of a parasitic connection. Formation of phloem-conducting cells was also evident, according to the visualization of fluorescent symplasmic tracers (Haupt et al. 2001 , Birschwilks et al. 2006 , Birschwilks et al. 2007 ). The presence of vascular-conducting cells led us to ask whether or not cells in the parasitic interface tissues are spatially organized in a pattern similar to that in a conventional vascular tissue. Detection of cell type-specific maker genes CjAPL, CjSEOR1, CjWOX4 and CjTED7 in the parasitic interface tissue clearly demonstrated the presence of cells that have attributes of a phloem companion cell, immature sieve element, procambium and differentiating xylem, respectively (Fig. 1E-H) . Expression of these genes was confirmed in both the parasite's stem and the haustorium buried in the host's stem (Fig. 2B-E) . In the dissected haustorium, CjTED7 was under the detection limit at 72 h.a.a., but was detected after 96 h.a.a., which coincided with the beginning of xylem vessel differentiation in the haustorium (Fig. 2E) . On the other hand, CjWOX4 transiently increased and showed maximal levels at 72 h.a.a. (Fig. 1G) , implying that the number of cells with procambium attributes increased, or the expression of the marker gene was up-regulated in the early stages of the parasitic process.
The spatial pattern of vascular cells in the parasitic interface was examined by in situ hybridization. Since the position of xylem is evident by the thick secondary cell wall of xylem vessels, we focused on the position of phloem and procambium cells. At 72 h.a.a., CjCLE41 expression was localized in the stem's vascular tissue, in a central region of the haustorium proximal to the main stem and in the lateral regions of the haustorium connecting with the metaphloem of the host (Fig. 4G, H) . Localization of the expression of CjWOX4 was similar to that of CjCLE41; it was detected in the stem vascular tissue, in a central region of the haustorium proximal to the main stem and in the distal region of the haustorium, excluding the central part (Fig. 3A) . CjCLE41-and CjWOX4-expressing domains were distinct from xylem. However, these domains are in close proximity to each other (Figs. 3A, 4H ), suggesting that, in haustoria, phloem and procambial domains are not clearly separated spatially as in the conventional root or stem. In Arabidopsis root and hypocotyl, promoter activity of CLE41 was observed in the phloem and the neighboring pericycle cells , promoter activity of WOX4 was observed in the procambium and weak activity was also observed in the phloem and pericycle (Hirakawa et al. 2010) . The ambiguity in promoter activities of CLE41 and WOX4 may account for the apparent overlapping of CjCLE41-and CjWOX4-expressing domains in haustoria. These results suggest that the spatial organization of vascular cells in haustoria may be different from that in conventional vascular tissues of dicotyledonous plants.
One of the cell types we could not identify in the haustoria was a companion cell of the phloem. Although we could detect a transcript of the sieve element marker gene, CjSEOR1 (Figs. 1F, 2C) , and identifed symplasmic conducting cells in the haustoria (Fig. 3C) , we could not clearly localize companion cells accompanying phloem-conducting cells. APL is regarded as a marker gene for the companion cell (Bonke et al. 2003) . Unfortunately, significant signal for CjAPL was not detected by in situ hybridization, probably due to its low expression level since the presence of CjAPL transcripts was verified by quantitative RT-PCR (qRT-PCR). Expression of CjAPL and CjSEOR1 in the haustoria (Fig. 2B, C) demonstrates the differentiation of cells with companion cell and sieve element attributes. However, we could not rule out spatial arrangement of companion cells and sieve elements in haustoria. A decrease in the expression of CjWOX4 (Fig. 1G ) between 72 and 120 h.a.a. suggests a change in the balance between maintenance of vascular stem cells and differentiation of xylem. TDIF produced from CLE41 is perceived by TDR, and TDIF-TDR signaling is bifurcated into WOX4-mediated and GSK3-mediated pathways (Kondo et al. 2014) . CjCLE41 encodes an 82 amino acid long protein with an N-terminal signal peptide (first to 28th residues; Supplementary Data S1). The amino acid sequence of the CLE-domain had two amino acid substitutions from Zinnia TDIF, AtCLE41 and AtCLE44, the 10th isoleucine to threonine and the 11th serine to asparagine (Supplementary Fig. S2 ). The 10th and 11th residue can be substituted by alanine (Ito et al. 2006) , suggesting that TDIF encoded by CjCLE41 possibly has activity to promote cell division and to inhibit xylem differentiation. Comparison of the temporal expression profiles showed that CjWOX4 showed a maximal expression level earlier than CjCLE41 (Figs. 1G, 4A) , which appeared to be inconsistent with the notion that TDIF is required prior to WOX4 (Hirakawa et al. 2010) . We speculate that a C. japonica CLE gene other than CjCLE41 might be responsible for the early up-regulation of CjWOX4. Alternatively, TDIF peptide derived from the host plant might activate CjWOX4. The temporal expression profile of CjGSK3 showed a rapid decrease from 48 to 72 h.a.a., and remained at low expression levels in later stages (Fig. 4B, E) . GSK3 is known to deactivate the direct downstream transcription factor gene, BES1, which consequently suppresses xylem differentiation (Kondo et al. 2014 ). Thus, a decrease in CjGSK3 expression probably induces xylem differentiation. The temporal expression profile of CjBES1 showed a moderate increase from 72 to 120 h.a.a. in the haustorium (Fig. 4F) , coinciding with the decrease in CjGSK3 expression in the haustorium (Fig. 4E) and the onset of formation of xylem vessels. In addition to this suppression of negative control of the GSK3-mediated pathway, we detected the presence of the natCjCLE41 in haustoria (Fig. 5A, B) . natCjCLE41 was co-expressed with sense CjCLE41 in a similar spatial and temporal pattern (Fig. 5B, C) , and did not have an apparent inhibitory effect on the accumulation of 
CjRPS18)
(ps equals to 1) (normalized by
(normalized by
(ps equals to 1) (ps equals to 1) the sense transcript (Fig. 4A) . Nevertheless, we could not exclude the possibility that the natCjCLE41 fine-tuned the accumulation of sense CjCLE41. Gene expression profiles and the formation of vascular domains were schematically illustrated (Fig. 6) . The decrease in CjCLE41 and CjWOX4 with the onset of formation of xylem vessels, decrease in CjGSK3, increase in CjBES1, presence of natCjCLE41 and increase in CjTED7 collectively suggest that the developmental balance between WOX4-mediated and GSK3-mediated pathways tends to promote xylem differentiation in haustoria, which facilitates the immediate reprogramming of haustorial cells to form xylem vessels in the parasitic interface. Expression of CjAPL and CjSEOR1, and the presence of symplasmically conducting cells in haustoria collectively indicate the differentiation of phloem, although spatial organization of companion cells and sieve elements remained to be clarified.
Materials and Methods

Plant materials
Cuscuta japonica and Glycine max cv. Fukuyutaka were germinated and grown as described previously (Ikeue et al. 2015) . Cuscuta japonica plants 11 d after germination were parasitized to the stem of a 15-day-old G. max as described previously (Ikeue et al. 2015) . The parasitic interface containing both C. japonica and G. max tissues was harvested at six stages, 0, 24, 48, 72, 96 and 120 h.a.a., and stored at -80 C.
RNA extraction
Total RNA samples were prepared from the parasitic interface tissues, or from surgically separated C. japonica stem ('parasite's stem' or 'ps') and C. japonica haustorium buried in G. max stem ('haustorium' or 'ha'). Total RNA was isolated by using an RNeasy Plant Mini Kit (Qiagen), and then treated with a TURBO DNA-free TM Kit (Thermo Fisher Scientific) according to the manufacturer's protocol.
cDNA cloning
Primers which were used in RT-PCR, 5'-rapid amplification of cDNA ends (RACE) and 3'-RACE are shown in Supplementary Table S1 . Primers were Fig. 4D , and was reused. (C) Detection of natCjCLE41 in the parasite's stem and the haustorium. Expression levels were normalized by that of the C. japonica ribosomal protein S18 gene (CjRPS18). The mean and SE of three biological replicates are indicated. ps, parasite's stem; ha, haustorium. Fig. 6 Summary of expression of vascular-related genes and vascular cell differentiation. The phloem/procambium domain (green) develops adjacent to the xylem domain (blue). CjCLE41 and CjWOX4 transiently increased, and decreased in the late stages. CjGSK3, CjAPL and CjSEOR1 decreased continuously, while CjBES1 increased. CjTED7 increased in the late stages. Combination of these gene expression profiles subsequently controls the balance between the WOX4-mediated and GSK3-mediated pathway toward promotion of xylem differentiation. diff, differentiation.
designed based on the sequences of RNA-seq contigs of C. japonica (Ikeue et al. 2015) . Partial cDNAs of CjCLE41, CjWOX4, CjTED7, CjAPL, CjSEOR1, CjGSK3 and CjBES1 were cloned by RT-PCR using total RNA obtained from stems of C. japonica. cDNA synthesis for CjWOX4, CjTED7, CjAPL, CjSEOR1, CjGSK3 and CjBES1 was performed by using oligo(dT) primer and ReverTra Ace -a-(Toyobo) in first-strand synthesis. cDNA synthesis for sense and antisense CjCLE41 transcripts was performed by using strand-specific primers, CjCLE41_RT-PCR_R and CjCLE41_RT-PCR_F, respectively, and ReverTra Ace -a-(Toyobo) in first-strand synthesis. PCR was performed by using KOD -PlusNeo (Toyobo) and an MyCycler TM Thermal Cycler (Bio-Rad) or a T-100 TM Thermal Cycler (Bio-Rad). RT-PCR products were cloned by using a Zero Blunt Õ TOPO Õ PCR Cloning Kit (Thermo Fisher Scientific).
5'-and 3'-RACE
5'-RACE was performed by using 5'-Full RACE Core Set (TAKARA BIO INC.). Two rounds of PCR were performed by using nested primers. Products from the final round of nested PCR were cloned into the Zero Blunt Õ TOPO Õ PCR Cloning Kit (Thermo Fisher Scientific). 3'-RACE was performed by using an adaptor-tagged oligo(dT) primer (Supplementary Table S1 ) and KOD-PlusNeo (Toyobo).
qRT-PCR
Primers which were used in qRT-PCR are shown in Supplementary Table S1 . qRT-PCR of CjWOX4, CjTED7, CjAPL, CjSEOR1, CjGSK3 and CjBES1 was performed by using oligo(dT) primer and ReverTra Ace -a-(Toyobo) in first--strand synthesis. First-strand synthesis for sense and antisense CjCLE41 transcripts was performed by using strand-specific primers, CjCLE41_RT-PCR_R and CjCLE41_RT-PCR_F, respectively, and ReverTra Ace -a-(Toyobo). Real-time PCR was performed by using Fast SYBR TM Green Master Mix (Thermo Fisher Scientific) and the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Standard curves were drawn by using RNAs produced by in vitro transcription using T7 RNA polymerase or SP6 RNA polymerase (Sigma-Aldrich). Expression levels were normalized by CjRPS18. We confirmed that all primer pairs did not amplify PCR products from RNAs extracted from the stem of G. max.
In situ hybridization
Parasitic interface tissues were fixed with 4% (w/v) paraformaldehyde phosphate buffer solution (Wako Pure Chemical Industries, Ltd.), and incubated at 4 C for 1 d. Fixed samples were dehydrated and embedded in paraffin as described previously (Mochizuki and Ohki 2015) . The paraffin block was shaped into a rectangular parallelepiped, and cut with a microtome (Yamato Kohki) into 8-12 mm thick cross-sections. The sections were extended and adhered to a slide glass at 42 C for 1 d, and then were de-paraffined. All equipment and water were RNase free. The de-paraffinized sections were incubated with protease K buffer [100 mM Tris-HCl (pH 7.5), 200 mM NaCl, 2 mM EDTA, 1% (w/w) SDS] at room temperature for 5 min, and treated with proteinase K (TAKARA BIO INC.) at 37 C for 30 min in a moisture chamber. After washing with water, sections were re-fixed by 4% (w/v) paraformaldehyde phosphate buffer solution (Wako Pure Chemical Industries) at room temperature for 30 min, followed by washing with 2 mg ml À1 glycine (Wako Pure Chemical Industries) in phosphate-buffered saline (PBS), and washed twice with water at room temperature for 10 min. Next, the sections were acetylated with 0.25% (w/v) acetic anhydride (Nacalai Tesque) and 100 mM triethanolamine (Nacalai Tesque) at room temperature for 10 min. After washing with 2Â SSC buffer (300 mM NaCl, 30 mM Trisodium citrate dehydrate, pH 7.0) at room temperature for 5 min, 100 ml of pre-hybridization solution [50% (v/v) formamide (Wako Pure Chemical Industries), 300 mM NaCl, 10 mM TrisHCl (pH 7.5), 1 mM EDTA (pH 8.0), 1Â Denhard's solution (Nacalai Tesque), 0.25% (w/w) SDS (Wako Pure Chemical Industries), 1% (w/w) dextran sulfate sodium salt (Sigma-Aldrich)] were added onto cross-sections and incubated at 68 C for 1 h. Digoxigenin (DIG)-labeled RNA probes for in situ hybridization were synthesized from sequences inserted in the pCR Õ -Blunt II-TOPO Õ vector (Thermo Fisher Scientific) by using a DIG RNA Labeling Kit (SP6/T7) (Roche Diagnostics) according to the manufacturer's protocol. The DIG-labeled RNA probes were purified by using an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's protocol. Subsequently, hybridization solution, which is a mixture of the pre-hybridization solution and 1 ng ml À1 DIG-labeled RNA probe, was applied onto the cross-section and incubated at 68 C overnight in a moisture chamber. The sections were washed twice with 2Â SSC buffer for 15 min, and incubated in RNase buffer [10 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8.0), 500 mM NaCl] at 37 C for 5 min. RNase A (Qiagen) diluted to 2 mg ml
À1
with RNase buffer was applied onto the sections and incubated at 37 C for 30 min. The sections were washed with 2Â SSC buffer three times. Then the sections were incubated with DIG buffer [0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl] at room temperature for 5 min. The sections were blocked by blocking solution [1.5% (w/v) bovine serum albumin (BSA) in DIG buffer] at room temperature for 1 h. Next, antibody solution [0.1% (v/v) Anti-Digoxigenin-AP Fab Fragment (Roche Diagnostics) with DIG buffer] was added at room temperature for 2 h. The sections were washed with DIG buffer for 15 min twice. After that, the sections were incubated in coloring buffer [0.1 M Tris-HCl (pH 9.5), 1 mM NaCl, 50 mM MgCl], and incubated with BCIP-NBT Stock Solution (Roche Diagnostics) at room temperature overnight in a moisture chamber in the dark. Then the reaction was stopped by stop buffer [10 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8.0)] at room temperature for 5 min. Finally, the sections were washed three times with water and observed by a BX53 Upright Microscope (Olympus,).
Dye tracer loading
The surface of the G. max stem was scratched using sandpaper, and then 20 mg ml À1 5-carboxyfluorescein diacetate (Tokyo Chemical Industry Co.
Ltd.) dissolved in 10 mM Tris-HCl (pH7.5) was loaded. Fluorescence was observed by using a laser-scanning confocal microscope (Leica TCS SP8, Leica Biosystems).
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